Abstract
Introduction
In chemical engineering, design usually refers to design of equipment or design of all or the major part of a chemical processing plant considering safety and economic aspects. But what are the perspectives of design in chemical engineering?
It differs from design in most engineering disciplines in that the design cannot possibly be built by students and tested for correctness. It is difficult to give students hands-on experience through their design experience. Chemical engineers rely on sciences, engineering methods, experience and ingenuity to develop processes and equipment required for economical production of useful products. Chemical engineers have contributed to the development of various materials such as chemicals and petroleum products, plastics, pharmaceuticals, fertilizers, foodstuffs, rocket propellants, etc. They have influenced the development of many fields, some of which are fuel cells, automatic controls, water desalination plants, and artificial kidneys. The types of design projects are virtually unlimited and their foundations are engineering sciences with emphasis on chemistry and biology.
Recently, green chemistry has been recognized as an important component of the chemical engineering curriculum. Green design has emerged as a result of a general philosophic shift from waste management to pollution prevention [1] . As a consequence, design of processes should be done while minimizing generation of pollution at the source and risk to human health and environment. Environmental considerations such as resource conservation and waste minimization should be used at all phases of the product and process life cycle to guide selection of design alternatives.
Teaching design is then an essential part of the chemical engineering curriculum. While the format of design components varies significantly among different chemical engineering programs [2] , the goal of converting students from scientists to engineers is achieved by introducing design to undergraduates. This usually includes the following:
o Integration of sciences and theories into a design o Development of student's creativity o Use of a design methodology and consideration of alternative solutions o Introduction of practical tools and software used in an engineering design office o Exposure to the art of dealing with uncertainties o Completion of a whole process study Through this exposure students develop and improve technical skills as well as soft skills required to be a professional engineer. After such training, they are better suited to meet the needs of industry.
Design Throughout the Chemical Engineering Curriculum
Analysis of approaches used to teach design in North American universities reveals four main categories: freshmen engineering, integrated learning, specialty courses and capstone design courses. A chemical engineering curriculum generally involves one or a combination of these approaches to give design experience to undergraduates. The following paragraphs give a brief description of these approaches.
Freshmen design engineering
The main objective of freshmen design engineering courses is to provide first-year students with a realistic, rewarding, and successful introduction to engineering.
Burton identified eight different methods to teach design to freshmen: reverse engineering, creating something useful, full scale project, small scale project, case studies, competitions, non-profit project, and redesign of a local project [3] . These methods are not mutually exclusive and are often combined to enhance student experience.
In The integration of design in the first year of engineering requires a significant investment of resources (computer, software, and faculty) and the role of the instructor changes from lecturer to coach and mentor when working on the design aspect of the course. Design courses are typically more demanding than lecture courses for both faculty and students but the impact on student experience is certainly worth the extra effort.
Integrated Learning
As students progress through the curriculum they learn more fundamental engineering science, and more design components must be introduced into the courses. Complexity of the design problems should increase as they progress through the curriculum. The basic elements of equipment design can be found in many courses starting with basic design problems, experiencing design exercises, and then tackling actual design projects in capstone design.
In the department of chemical engineering at McGill, courses such as: Introduction to Chemical Engineering, Reaction Engineering, Separation Processes, and Project Laboratory teach students some rules of thumb on the design of equipment and processes. In Process Control they learn the basic principles of designing process control strategies. Some guidelines and design procedures are then effectively covered in an integrated learning stream as they learn engineering science.
Course on design process
Before students start working on a design project, more emphasis must be put on design process to be certain that students apply a rigorous approach to design. As mentioned by Culver [5] , capstone courses should be preceded by courses that help to prepare students for design. This is the main goal of courses on design methodology, also called design process.
In chemical engineering at McGill, the design sequence starts with a four credit one-semester course, in which the students learn the fundamentals of conceptual design and are familiarized with a state-ofthe-art process simulator. The teaching methodology is based on a design logic sequence and evaluation is based on assignments (35%) and examinations (65%). Students work in groups for the assignments and each topic is reviewed during tutorials. The course covers topics such as: 
Capstone design course
The design sequence usually culminates in a capstone design course. This part of the design sequence is usually a wide scope design project which typically involves students working in groups to design the major part of a chemical processing plant if not all of it, considering safety and economics. Projects are usually based on the design of production plants. According to Duston [6] Time required for completing the project must also fit into the time allotted for the design course.
To support team work, communication among the members of the groups should be facilitated. Infrastructure should also be adequate for the projects conducted. For example, a computer room equipped with specialty software should be available. If experiments must be conducted, appropriate lab space must be available.
In the department of chemical engineering at McGill, the design project plays a very important role in providing students with design experience. It is further described in the following section.
Capstone design course in Chemical Engineering at McGill
In Chemical Engineering at McGill, the design project has a weight of six credits and spans two semesters. The students are divided into groups of even abilities, consisting of three or four students. To mimic industrial situations, the groups are formed by course coordinator. However, to minimize the risk of having a non functional team and maximize the learning experience of each student, strong dislikes are respected as much as possible when forming the groups. Each group is assigned to a specific design project. Professors act as master designer and the students as apprentices. Communication among team members and the professor is supported by WebCT. A design room equipped with computers and specialty software is dedicated to students working on design project. The role of the course coordinator and the client is to mentor the students by being involved in the project from the sidelines. As mentioned by Marin [7] , learning to lead a group should be part of student's capstone design experience. Students must feel the ownership of their project.
The following paragraphs detail the work done during the two semesters of capstone design course.
First semester -Preliminary work
Work in the first semester involves one credit and is judged pass-fail. Students meet regularly with their leader and prepare a preliminary report outlining the scope of the design and identifying possible alternatives. This first part of the design course focuses on project analysis, preliminary evaluation (economical and technical), data and literature collection, and preliminary design (including identification of alternatives). This phase also includes preliminary risk analysis, environmental concerns, and operation considerations. The final examination is an oral presentation by students to peers, the group leaders, and other professors in the department. At the end of the first semester or at the beginning of the second semester, students usually visit a plant to observe relevant facilities or equipment.
To support students through their design experience some workshops will be developed and offered to students. These will be non technical workshops on information literacy, design report writing and team work. For example, students should be introduced to the four stages of team dynamics and be provided with sample meeting agendas and minutes, along with tips on building consensus.
Second semester -Design work
During the second semester, students prepare a conceptual design of a process or a large part of a process. This involves mass and energy balances, flow sheeting, equipment sizing, costing and financial analysis as well as detailed design of at least one piece of equipment. In some cases, students also choose a site and prepare a plant layout. More details on design tasks are given in section 4. Students are free to use any computer tools that best fit the specific problem. They produce a final design report of approximately 50 pages with another 50 pages of drawings, spreadsheets and background information. The course concludes with a formal oral presentation.
Design Projects
As mentioned earlier, the number of types of design projects is virtually unlimited. In the past 35 years at McGill numerous projects have been conducted in various areas with different levels of environmental emphasis, in various locations and in collaboration with different organizations as described here.
Areas of projects
As shown in Figure 1 , Petrochemical and Pulp & Paper areas represent most of the projects conducted from 1999 to 2003, with 25% and 24% respectively. Food and Chemical follow with 18% and Metallurgical represents 15% of projects [8] . These areas are representative of our collaborators expertise. Note that environmental projects were classified in the area in which these were implemented. For example, a treatment plant for a Pulp & Paper industry was considered as a Pulp & Paper project. However, considering the growing number of projects having a main focus on environmental processes, an environmental category will be added. For example, in 2004, one of the projects could not be classified without an additional environmental category. The project was the design of an efficient, safe to operate, environmental protection facility to treat 20,000 tons/year of wastes by incineration and 28,000 tons/year of petroleum sludge by thermal desorption. In recent years, there has been growing concern on whether the emerging field of chemical product design should be emphasized in the chemical engineering program and through the design project. Chemical engineers design processes but also share responsibility for identifying the product and for its design and manufacture [9] . The main difference between process design and product design is the addition of steps prior to the design of the process. These steps are related to the identification of customer need, generation of ideas to meet the need and selection among the ideas, which require 
Level of environmental emphasis
All projects conducted include environmental considerations. However, the level of emphasis varies significantly from one project to another. The level of environmental emphasis of projects can be classified as normal (minimal environmental considerations), to essential (important aspect considered during the design process), to high (part of design criteria or objective of the project). As shown in Figure 2 , 67% of projects conducted from 1999 to 2003 have a normal level of environmental emphasis while 11% of them have a main focus on environment [8] . Considering growing environmental concerns such as climate change and greenhouse gas emission, a greater portion of future projects will probably have a higher level of environmental emphasis. Students must be familiarized with the environmental impact of technologies and learn to consider them while designing, not at the end of the project when everything is done! Green chemistry principles should be familiar to and used by all engineers. The need to introduce these concepts to undergraduates has become increasingly important and can be effectively introduced in design sequence.
Location of projects
To emphasize relations between engineering projects and society, some design projects are conducted as if the implementation of the design is to be done in various regions of the world. Students then have to consider non technical considerations in their design such as availability of workforce, climate, accessibility of sites, etc. As shown in Figure 3 , most projects are conducted in Canada and about 43% are considered to have been carried out elsewhere [8] . 
Supporting Organizations
As shown in Figure 4 , consulting companies provided more than 50% of the projects conducted from 1999 to 2003 [8] . Other projects were provided by both large companies and small businesses. Students are generally highly motivated and have a greater sense of responsibility when design projects are provided by engineering companies. We could not provide a realistic design experience without the support of managers and engineers in these organizations and we are very grateful for that support. 
Typical Design Tasks
During their design project students are instructed to:
o Analyze background information about the process, its implementation (situation of the company, the market, etc.), safety issues, and social impact o Produce, using a computer drawing tool, a complete process flow diagram of the process o Carry out complete mass and energy balances on the process using the appropriate software o Carry out a detailed design of the main equipment of the process stating and justifying any assumptions made and referring to appropriate standards (might include sizing of pump and pipes) o Establish a process control philosophy o Carry out an economical analysis of the project o For some projects, produce a complete P&ID, select a site and prepare a plant layout o Write a complete design report A key part of design process is the detailed design of equipment. This involves selection, specification, and design of each unit operation of the process so that the equipment will perform the required function. For some equipment, chemical engineers are not usually responsible for the design and thus rely on specialist companies for detailed design. In such cases, undergraduates must learn how to select and size the equipment and consult with vendors to ensure suitability [11] . Level of design complexity, economic evaluation and process instrumentation control can also be adjusted according to the complexity of the process design.
Concluding Thoughts
Through their design experiences students must develop technical skills and improve and develop their soft skills. The design experiences at various points in the curriculum with different approaches are an effective support to the development of these skills. However, before students start working on a "real" design project, they must be prepared through courses or workshops on the design process, design report writing, team work, information literacy, etc. Then under the guidance of experienced senior industrial designers who are keen to pass on enthusiasm and experience to our students, students learn many of the soft skills important to practicing engineers. Their design experience in traditional plant design project or emerging chemical product design project should leave them with a sense of accomplishment and pride, having completed a "real" project.
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